Small cell carcinoma of the ovary, hypercalcemic type is an aggressive tumor generally affecting young women with limited treatment options. Mutations in SMARCA4, a catalytic subunit of the SWI/SNF chromatin remodeling complex, have recently been identified in nearly all small cell carcinoma of the ovary, hypercalcemic type cases and represent a signature molecular feature for this disease. Additional biological dependencies associated with small cell carcinoma of the ovary, hypercalcemic type have not been identified. SMARCA2, another catalytic subunit of the SWI/SNF complex mutually exclusive with SMARCA4, is thought to be post-translationally silenced in various cancer types. We analyzed 10 archival small cell carcinoma of the ovary, hypercalcemic type cases for SMARCA2 protein expression by immunohistochemistry and found that SMARCA2 expression was lost in all but one case. None of the 50 other tumors that primarily or secondarily involved the ovary demonstrated concomitant loss of SMARCA2 and SMARCA4. Deep sequencing revealed that this loss of SMARCA2 expression is not the result of mutational inactivation. In addition, we established a small cell carcinoma of the ovary, hypercalcemic type patient-derived xenograft and confirmed the loss of SMARCA2 in this in vitro model. This patient-derived xenograft model, established from a recurrent tumor, also had unexpected mutational features for this disease, including functional mutations in TP53 and POLE. Taken together, our data suggest that concomitant loss of SMARCA2 and SMARCA4 is another hallmark of small cell carcinoma of the ovary, hypercalcemic type-a finding that offers new opportunities for therapeutic interventions.
Small cell carcinoma of the ovary, hypercalcemic type is a rare and aggressive subtype of ovarian cancer that affects mainly young women. The majority of patients die from this disease within 2 years, with long-term survival largely limited to patients with tumors confined to the ovary. 1 There are currently no effective therapies to treat this disease, and histological classification has been challenging. Recent studies have uncovered inactivating SMARCA4 germline and somatic mutations in nearly all small cell carcinoma of the ovary, hypercalcemic type cases, suggesting that loss of SMARCA4 is a signature feature for this disease. [2] [3] [4] Further evaluation of the molecular landscape beyond mutational studies is important to gain a deeper understanding of the disease mechanisms and explore alternative therapeutic approaches for treatment.
SMARCA4, also known as BRG1, is a catalytic subunit of the SWI/SNF chromatin remodeling complex. It has a major role in rendering chromatin accessible to proteins essential for the regulation of gene expression, resulting mostly in activation of target genes. Subunits of the SWI/SNF complex are altered in 420% of all cancers, with SMARCA4 loss being one of the most frequent alterations among the subunits. 5 It is well documented that in the majority of cancer cells, the loss of SMARCA4 results in aggressive growth, suggesting it normally functions as a tumor suppressor. 5, 6 In non-small cell lung carcinoma cell lines with loss of SMARCA4 expression, cell viability is dependent on retained expression of SMARCA2 (also known as BRM), a mutually exclusive catalytic subunit of the SWI/SNF complex. [7] [8] [9] BIN67 is a small cell carcinoma of the ovary, hypercalcemic type SMARCA4-mutant cell line with minimal expression levels of SMARCA2, 3 suggesting that in small cell carcinoma of the ovary, hypercalcemic type cells SMARCA2 expression may not be required for cell survival. These observations suggest that SMARCA4-mutant cancers may not be universally dependent on SMARCA2 expression, implying that the interdependency between these two subunits is complex and likely contextual. 10 Recent studies have suggested that SMARCA4 immunohistochemistry may be useful to distinguish small cell carcinoma of the ovary, hypercalcemic type from potential diagnostic mimics. 11 To better understand the relationship between SMARCA2 and SMARCA4 in the context of small cell carcinoma of the ovary, hypercalcemic type, we evaluated SMARCA2 expression in 10 small cell carcinoma of the ovary, hypercalcemic type cases and identified concomitant loss with SMARCA4. We also confirmed SMARCA2 loss in a small cell carcinoma of the ovary, hypercalcemic type patient-derived xenograft with an unexpected molecular landscape.
Materials and methods

Patients and Tumor Samples
In this study, we included 10 archival cases, of which 9 (cases 101-103, 106, and 108-112) have been previously reviewed and analyzed for SMARCA4 mutations. 2 We also included two new cases, one additional archival case (114) and a newly established case from a patient-derived xenograft model (113). Using previously described guidelines, specialty gynecologic pathologists reviewed two new cases-113 and 114-to confirm the diagnosis of small cell carcinoma of the ovary, hypercalcemic type. Clinical data collection was limited to only age and year of diagnosis owing to the Health Insurance Portability and Accountability Act regulations. The patient-derived xenograft case (113) was collected from a patient undergoing an excisional biopsy for recurrent disease. DNA was extracted from formalin-fixed paraffin-embedded tumors with at least 50% tumor cell nuclei according to standard protocols (DNeasy Blood&Tissue kit; Qiagen #69506).
MSK-IMPACT Assay and Sequencing
The MSK-IMPACT assay was performed as previously described, 2 with the following modifications. Barcoded sequence libraries were prepared using 250 ng of genomic DNA (Kapa Biosystems, Wilmington, MA, USA) and combined into a single equimolar pool. The captured pool was subsequently sequenced on an Illumina HiSeq 2500 sequencer (Illumina, San Diego, CA, USA) as paired-end 100-base pair reads, producing at least 250-fold coverage per tumor. A panel of 341 known oncogenes and tumor-suppressor genes that are frequently altered in cancer were sequenced (Supplementary Table S1 ). The SMARCA4 mutations were validated using Sanger sequencing. Primers were specifically designed to amplify the mutations of interest. Sequencing of the coding regions and splice sites for SMARCA2 was done using AmpliSeq. The mean coverage was 3730X for 99.6% of the coding region (primer details are available upon request).
Immunoblotting
Tumor samples from frozen tissue were available for cases 101, 102, and 113 (patient-derived xenograft tumor). Before protein extraction, hematoxylin and eosin-stained frozen section slides were prepared from this tissue and examined by a gynecologic pathologist to ensure tumor purity. The proteins were extracted using RIPA Lysis buffer supplemented with protease and phosphatase inhibitors. After 15 min of incubation on ice, the lysates were spun for 15 min at 20 000 g in the cold Microfuge. Protein concentrations were measured by Bradford. Extracted proteins were resolved on SDS-PAGE, transferred onto nitrocellulose, and blotted for antibodies targeting proteins of interest: SMARCA4 (Santa Cruz Biotechnology, Dallas, TX, USA; #sc-10768, dilution 1:1000), SMARCA2 (Cell Signaling Technology, Danvers, MA, USA; #11966, dilution 1:1000), and β-Actin (Santa Cruz Biotechnology, sc-69879, dilution 1:10 000).
Immunohistochemistry
All assays were performed on formalin-fixed paraffin-embedded slides. Immunohistochemistry staining for SMARCA4 was performed as previously described. 2 The immunohistochemistry method for SMARCA2 was optimized as follows: heat steaming with EDTA at pH 8 for 30 min resulted in epitope retrieval. Antigen retrieval followed by overnight incubation at 4 o C with primary antibody targeting SMARCA2 (Sigma-Aldrich, St. Louis, MO, USA; #HPA029981, dilution 1:1000). Biotinylated antiRabbit IgG (Vector Laboratories, Burlingame, CA, USA; #BA-100, dilution 1:1000) and ABC (Vector Laboratories; #PK-6100) were used to detect the bound antibody. Diaminobenzidine was used as the chromogen. Absence of nuclear staining in tumor cells in the presence of internal positive control (blood vessels and stromal cells) was scored as 'loss of expression'.
Cell Lines and Overexpression Studies
The small cell carcinoma of the ovary, hypercalcemic type BIN67 model cell line was generously gifted by Dr Antony N Karnezis (British Columbia Cancer Agency, Vancouver, Canada). The cells were SMARCA2 expression in ovarian cancer P Jelinic et al cultured in DME-HG media supplemented with 10% FCS under the standard tissue culture conditions. The non-small cell lung carcinoma H1299 cell line was obtained from the American Type Culture Collection. The cells were cultured in RPMI-HG media supplemented with 10% FCS under the standard tissue culture conditions. The expression plasmid containing cDNA for SMARCA4 (OriGene Technologies, Rockville, MD, USA; SC323288) was transiently transfected into BIN67 and H1299 cells using FuGENE protocol according to the manufacturer's suggestions (Promega Corporation, Madison, WI, USA; E2311).
Results
Analysis of SMARCA2 expression by immunohistochemistry in small cell carcinoma of the ovary, hypercalcemic type cases revealed loss of SMARCA2 expression in 9 (90%) of 10 archival cases ( Figure 1 , Table 1 ). For the three cases with available frozen tissue, we also confirmed the loss of SMARCA2 protein expression by immunoblotting (Figure 2a) . To investigate whether this loss of expression was owing to mutations in the SMARCA2 gene, we performed deep sequencing of the coding region and splice sites of SMARCA2. No SMARCA2 mutations were identified, suggesting that the loss of protein expression is non-mutational.
The only case (#103) with normal expression of SMARCA2 was also the only case that expressed SMARCA4 in our previous report. 2 This suggests that SMARCA2 and SMARCA4 could be interdependently expressed in small cell carcinoma of the ovary, hypercalcemic type. To explore this relationship further, we re-introduced SMARCA4 into BIN67 small cell carcinoma of the ovary, hypercalcemic type and H1299 non-small cell lung carcinoma cell lines that lack the expression of SMARCA4 (Figure 2b) . Though H1299 cells express SMARCA2 normally, BIN67 cells have very low levels of SMARCA2 expression. We did not observe an increased expression of SMARCA2 upon SMARCA4 overexpression, suggesting that the presence of SMARCA4 alone is not sufficient for SMARCA2 re-expression in small cell carcinoma of the ovary, hypercalcemic type.
We previously reported SMARCA4 mutations in 9 of the 10 archival small cell carcinoma of the ovary, hypercalcemic type cases included in this study. 2 Here, we also report the loss of SMARCA4 expression in two new cases: 113 and 114 (Figure 1b) . Case 113 was a patient-derived xenograft obtained in the setting of recurrent small cell carcinoma of the ovary, hypercalcemic type. The xenograft tumor was grown in the peritoneum of SCID mice, as previously described, before being explanted and analyzed for mutations and protein expression. 12 The tumor demonstrated characteristic features of small cell carcinoma of the ovary, hypercalcemic type, including a combination of small neoplastic and larger rhabdoid cells (Figure 3a) . Case 114 was from a 27-year-old woman with newly diagnosed small cell carcinoma of the ovary, hypercalcemic type. These cases were deep-sequenced using the MSK-IMPACT assay, and Sanger sequencing confirmed the results. Biallelic SMARCA4 mutations, the small cell carcinoma of the ovary, hypercalcemic type molecular signature feature, were present in both cases (Figure 3b and Supplementary Figure S1 ). Immunohistochemistry staining confirmed the loss of SMARCA4 expression. Surprisingly, case 113 had a number of additional mutations previously not reported in small cell carcinoma of the ovary, hypercalcemic type ( Figure 3b and Supplementary Table S2 ). As matched normal samples were unavailable for these cases, we cannot rule out the germline nature of the heterozygous missense variants. We used Mutation Assessor from the cBioPortal for Cancer Genomics (cbioportal.mskcc.org) to assess the functional impact of identified mutations. The TP53 and POLE mutations in case 113 were predicted to be functional. The functional significance of the TP53 I254N homozygous missense mutation was confirmed by immunohistochemistry, demonstrating overexpression of TP53 protein (Figure 3c ). Another unexpected alteration was the heterozygous D287A mutation in the DNA polymerase POLE, a feature of hypermutated cancers. 13 Given that this mutation is adjacent to the common hot spot mutation P286H/R, the most frequent of all POLE mutations, 14 and it is within the POLE's essential exonuclease domain, it is likely that the D287A mutation is critical to protein function.
The coordinated expression of SMARCA2 and SMARCA4 protein (loss of both in 10 cases and retention of both in one case) is found in 100% of the small cell carcinoma of the ovary, hypercalcemic type cases tested, suggesting that this is a signature feature for this disease. To further demonstrate that this is specific to small cell carcinoma of the ovary, hypercalcemic type, we stained 50 additional cases of various tumor types that primarily or secondarily involved the ovary (10 small cell lung carcinomas, 20 ovarian clear cell carcinomas, 10 ovarian granulosa cell tumors, and 10 melanomas) with SMARCA2 and SMARCA4 antibodies (Supplementary Figure S2 and Supplementary Table S3 ). Forty-eight (96%) of 50 cases showed normal expression of SMARCA4. The two cases with absence of SMARCA4 expression, one ovarian clear cell carcinoma (OCCC#20) and one metastatic melanoma (Mel#32), had retained SMARCA2 expression. Only 1 (2%) of 50 cases, an ovarian clear cell carcinoma, (OCCC#18), showed absence of SMARCA2 expression; yet, this case retained SMARCA4 expression. These data further confirm the unique findings of concomitant loss of SMARCA2 and SMARCA4 in small cell carcinoma of the ovary, hypercalcemic type.
Discussion
In this report, we identified concomitant loss of SMARCA2 and SMARCA4 expression in nine small cell carcinoma of the ovary, hypercalcemic type formalin-fixed paraffin-embedded cases and one patient-derived xenograft model. We confirm that the absence of SMARCA2 expression is not a result of germline or somatic mutations. This is in agreement with previously reported studies demonstrating the lack of SMARCA2 mutations in SMARCA2-deficient pancreatic and lung cancer cell lines, suggesting that loss of SMARCA2 may be a result of epigenetic or post-translational modifications. [15] [16] [17] Recently, it has been reported that SMARCA2 expression is regulated by histone deacetylases HDAC3 and HDAC9, in addition to transcription factors MEF2D and GATA3. 18 Also, overexpression of HDAC9 has been shown to correlate with decreased SMARCA2 expression, whereas HDAC9 depletion causes elevated SMARCA2 expression. Therefore, it is plausible that small cell carcinoma of the ovary, hypercalcemic type has increased expression of HDAC9, resulting in low SMARCA2 expression. In addition, it has been reported that SMARCA2 promoter polymorphism contributes to differential expression in lung cancer cell lines and primary lung cancers, where the presence of two insertions within the promoter correlates with SMARCA2 loss of expression. 19 The presence of these insertions within the SMARCA2 promoter in small cell carcinoma of the ovary, hypercalcemic type could explain loss of SMARCA2 expression in this disease. Though SMARCA2 promoter methylation has not been described as a major epigenetic alteration in cancers, further study will be required to exclude this potential mechanism.
The only small cell carcinoma of the ovary, hypercalcemic type case (#103) in this series that showed normal SMARCA2 expression was also the only one that had strong SMARCA4 expression. We confirmed that the presence of SMARCA4 alone is not sufficient for SMARCA2 re-expression in small cell carcinoma of the ovary, hypercalcemic type. Case 103 has a non-functional helicase domain as a result of a 2 exon in-frame deletion despite retaining SMARCA4 expression; 2 however, the protein is still expressed. Even though unlikely, it is possible that this truncated helicase-dead SMARCA4 may contribute to re-expression of SMARCA2.
Unique from our other cases, case 113 was not only a patient-derived xenograft, but it also originated from recurrent small cell carcinoma of the ovary, hypercalcemic type disease. In addition to the expected SMARCA4 mutation, we identified high confidence mutations in POLE and TP53. The POLE mutation may give rise to other mutations owing to the mutator phenotype seen with POLE exonuclease domain mutations; however, owing to the lack of a matched normal DNA sample, germline variants cannot be excluded. This case is also the only recurrent case in our cohort, raising the possibility that other mutations may have occurred as a result of tumor progression or drug treatment. Examination of the original tumor from the time of diagnosis, which is not available at present, could help determine the sequence of mutation evolution.
Concomitant absence of SMARCA2 and SMARCA4 has been reported in a subset (10%) of non-small cell lung carcinoma cases. 20 These nonsmall cell lung carcinoma cases had a worse overall survival compared with cases that did not have concomitant absence of SMARCA2 and SMARCA4. This suggests that the loss of both SMARCA2 and SMARCA4 may contribute to the aggressiveness of small cell carcinoma of the ovary, hypercalcemic type. Our data further suggest that the absence of SMARCA2 expression in small cell carcinoma of the ovary, hypercalcemic type is non-mutational and potentially the result of epigenetic or post-translational silencing. The reversal of epigenetic silencing of SMARCA2 and its resultant re-expression is a potential therapeutic approach for cancers with a SMARCA2-depleted background. 17, 21, 22 SMARCA2 expression may be restored with HDAC inhibitors and result in reduced cell growth. 15, 17, 18 Finally, a recent report suggests that flavonoids are able to restore SMARCA2 expression, 23 proposing that this group of drugs could be effective in cancers in which re-expression of SMARCA2 results in growth retardation. Reversal of epigenetic silencing of SMARCA2 could be further explored as a treatment option for patients with small cell carcinoma of the ovary, hypercalcemic type. The near universal mutations in SMARCA4 coupled with newly discovered concomitant loss of SMARCA2 expression substantiates the designation of small cell carcinoma of the ovary, hypercalcemic type as a fascinating rare tumor.
